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Abstract
This research focuses on investigating the effect of specular and diffuse properties
of a set of eight materials on diffuse-only and diffuse-specular radiative transfer models
in the wavelength range of 7-14 microns. The materials were selected and measured by
the Sensors Directorate, Air Force Research Laboratory (AFRL/RY) as a set of panels in
two orientations, flat and at 45° with respect to the ground, where the materials range in
reflective and specular properties. The collected field data includes sky down-welling
spectral radiance, ground spectral radiance, panel temperatures, and panel spectral
reflected radiance at both orientations. The radiative transfer models used in this research
use field- and laboratory-collected data to calculate the spectral reflected radiance from
each panel. The laboratory-collected data is comprised of spectral hemispherical,
specular, and diffuse directional reflectance (HDR, SDR, and DDR) at incident angles of
20°, 30°, 40°, 45°, 50°, 60°, and 70°, as collected by an SOC-100 HDR Reflectometer
from Surface Optics Corporation. The modeled spectral reflected radiances are compared
to field-collected spectral reflected radiances in order to gauge each radiative transfer
model for its accuracy in modeling each panel. Additionally, a diffuse-only reverse
radiative transfer model is developed and used in order to model the spectral HDR of the
materials. The modeled spectral HDR values are compared to laboratory-collected
spectral HDR data, and the reverse model is gauged for its accuracy in modeling each
panel.
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INVESTIGATION OF FIELD-COLLECTED DATA USING DIFFUSE AND
SPECULAR, FORWARD AND REVERSE RADIATIVE TRANSFER MODELS

I. Introduction
General Issue
Industry and researchers in the realm of remote sensing who have the select needs
of detection and the accurate modeling of surfaces have often relied on various methods
in order to represent the optical properties of materials. The optical properties of a
material may vary greatly from point to point on its surface due to the randomness in
geometry and the material composition, leading to an array of considerations that span a
wide range of variables, such as angle of incidence, angle of reflection, and wavelength.
This span of variables in turn is not only increasingly difficult to model accurately, but
also very difficult to obtain, which begs for further research into the extent of complexity
in radiative transfer models.
An ideal method for modeling of materials is the representation of a material’s
surface properties using bi-directional reflectance distribution functions (BRDFs)
(Durikovic, 2014:87; Ientilucci, 2009:1-2). BRDFs are generally either empirical
functions fit to observed data, or functions built from first principles, and sometimes
partially built by intuition (Torrance, 1967:1108-1111; Shell, 2004:12-17). The functions
model the amount of reflectance per solid angle that a surface has for any given angle of
incidence, and at any given angle of reflectance. However, obtaining BRDF data for an
array of materials is very demanding on time, as the reflectance of a surface has to be
measured for every incident and reflected angle, and across a spectral range that is
1

sampled with a sufficiently small step size. Current methods of measuring BRDFs are
not only time-consuming, but are also performed at one wavelength per measurement set,
and so, the time required to acquire a spectral BRDF of a surface is very impractical and
also potentially inaccurate for wavelength ranges outside of the particular measured
wavelengths.
Problem Statement
It is very difficult to obtain and use spectral BRDFs due to aforementioned
reasons, while the need to accurately model the spectral and reflective properties of
materials has increased. One work indicative of this uses computer-based simulations of
the BRDF of vegetation canopy as opposed to actual measurements, in order to determine
how the reflectance of the canopies varies with different parameters (including row
orientation, row distance, and phenological stage). The research culminates in showing
that their system, the hyperspectral simulation of canopy reflectance (HySimCaR) is
accurate, and able to be used as a replacement to BRDF measurements, where they claim
that BRDF measurements are time-consuming and require specific instruments, though
only for specific vegetation canopies (Kuester, 2014:2096:2106).
As commonly known, solar energy peaks in the visible, and not in the infrared
bands, and has much less total power infrared bands when compared to thermal
emissions. However, the solar contribution in a radiative transfer scene in the long-wave
infrared (LWIR) has been shown to be significant under the right circumstances. This
was done using a Lambertian and MERL nickel-shaped BRDF models (Butler, 2014:1-

2

10), suggesting that accurate BRDFs are required to account for the significance of the
small amount of solar radiance in LWIR.
The end goal of modeling surfaces in this research is to construct a radiative
transfer model which can calculate the total spectral reflected radiance from a given
surface. This spectral reflected radiance is a function of incident sources of spectral
radiance, the reflectance properties of the material (diffuse and specular), and the selfemission of the material. Therefore, this paper investigates the use of diffuse-only and
diffuse-specular radiative transfer models to develop a baseline from which to judge the
more-accurate spectral BRDF-based radiative transfer models.
Research Objectives /Hypotheses
The need to represent the spectral reflected radiance of a material using different
radiative transfer models necessitates a code-based framework that may utilize data from
different sources, and may use different modeling methods. This objective is necessitated
in order to verify that the utilized models are able to represent different sets of data while
maintaining a common trend in accuracy. One hypothesized trend is that the diffusespecular radiative transfer model will be generally more accurate than the diffuse-only
radiative transfer model, and that there will be materials for which the diffuse-only model
will not be accurate. This determination has to be made by taking the average
performance of each model across different sets of data, each of which represents
different materials.
The accuracy of the diffuse-only and diffuse-specular radiative transfer models
may best be gauged when compared to a spectral BRDF radiative transfer model.

3

However, since spectral BRDF data is not available, the simpler models have to be
gauged against one another, and their accuracy is gauged against field-collected data.
Research Focus
This research focuses on analyzing field-collected data and comparing it against
data generated by diffuse-only and diffuse-specular radiative transfer models.
Furthermore, the accuracy of each method is compared against the field-collected data,
and appropriate conclusions are drawn. Additionally, a diffuse-only reverse radiative
transfer model is carried out using the best-possible matching data in order to determine
the feasibility of recognizing a material using remote sensing.
Investigative Questions
How accurate is a diffuse-only model in modeling the reflected radiance of
materials? How does this accuracy vary across different materials?
How accurate is a diffuse-specular model, and is it better than the diffuse-only
model, in modeling the reflected radiance of materials?
Can the current version of PLEXUS (using MODTRAN 4.0) be used to generate
sky down-welling radiance for the modeling of reflected radiance of materials?
Is a diffuse-only reverse radiative transfer model feasible, and what are its
performance characteristics when used to model a variety of materials?
Methodology
The investigative questions were answered by using a combination of fieldcollected, lab-collected, and modeled data in MATLAB® code in order to generate
reflected radiances from a variety of materials, where each result was compared to the
4

actual, field-measured total radiance in the case of the forward radiative transfer models,
and lab-measured material reflectance in the case of the reverse radiative transfer model.
In order to secure confidence in the final results, some of the methods used in the
radiative transfer models, namely the resampling of data and integration of hemispherical
radiance, were verified for their accuracy.
Lastly, the performance of all models of interest was gauged on a per-material
basis in order to determine the best use for each model, and to identify possible
improvements to the models.
Assumptions/Limitations
The primary assumption made for this research is that the field data is accurate
and representative of the actual characteristics of the radiances present during the
collection. Furthermore, I assume that the data collected in the lab setting, using the
SOC-100 HDR Reflectometer, is also representative of the materials which were
sampled.
Modeling the radiative transfer in a given scene would be ideal if comprehensive
data is collected in regards to material reflectance, down-welling radiance from the
atmosphere, and up-welling radiance from the surroundings of the material in question.
The amount of data, however, is limited as the reflectance of materials is measured only
at certain angles, the down-welling radiance is measured only at certain zenith angles,
and the up-welling radiance from surrounding objects is not available. Furthermore, the
collection of data is limited to the 7-14μm range.

5

Implications
A success on the part of this research would improve the fidelity of radiative
transfer models that may be used in computer-generated graphics and in remote sensing.
Additionally, a success may indicate whether the specularity of a material may or may
not be an important factor to consider in radiative transfer models.
Preview
The rest of the paper will outline the theory used for the research. Following this,
the methodology used in generating data that will be presented in the analysis and results
of the research will be explained. Lastly, the applicable conclusions that are drawn from
the results are formed.
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II. Literature Review
Chapter Overview
The purpose of this chapter is to introduce the points that Lambertian-only models
are generally lacking in accurately modeling real scenes. Additionally, I show that there
is an on-going interest in remote sensing, where the use of radiative transfer models is of
importance.
Problems with Simple, Lambertian-Only Models
Lambertian-only models are known, by definition, to not be representative of
realistic scenes. In some instances, the Lambertian-only model may be perfectly fine,
such as when modeling very diffuse and non-specular surfaces, as is shown in this
research. For many materials, however, the accuracy has been of question because the
specular component of reflectance can significantly affect the observed radiance in or
near specular observation directions (Ientilucci, 2009:6-7).
Another work indicative of this has shown that using only Lambertian reflectance
was found to be insufficient in an array of angles. When attempting to model even the
reflectance of diffuse white paint, the accuracy of the model decreased for angles near the
specular reflection direction, even though the surface was roughened before application
of the paint, to make it more diffuse (Earp, 2007:276-278). As one may guess, even new
methods used in calculating radiative transfer take interest in the specularity of surfaces.
A calculation method which minimizes on the use of ray-tracing for radiative transfer
was shown to be different when accounting for the specular properties of the modeled
surfaces, as opposed to using a Lambertian-only model. A comparison of the newly7

modeled data with known data showed that the specular model was more accurate (Sae,
2006:872-880).
On the note of generating surface images, it was found that stereo image analysis
produces much more accurate data when taking into account the specular properties of
materials for non-Lambertian surfaces. The results were shown to be far more accurate,
with far fewer outliers, when the specular properties of the surfaces were accounted for,
as stereo image analysis is generally much more accurate for diffuse (non-specular)
surfaces (Wöhler, 2009:172).
Lastly, a paper characterizing silicon photodiodes has shown that silicon materials
have a reflectance which is dependent on both the specular and diffuse properties of the
material, which are important when properly modeling that reflectance. The specularity
of the material was even shown to be wavelength dependent, where it has a linear change
at wavelengths less than 950nm, but exponentially grows beyond 960nm (Xu, 2009:133134), showing that Lambertian models may easily fail in certain wavelength ranges, even
if they were observed to work properly at other wavelengths.
All of the aforementioned examples were performed in the lab environment, or
using previous results to gauge computer-based models. This raises the hypothesis that
the same case will be observed when using field-collected measurements, where models
may be shown to be more accurate when considering the specular properties of nonLambertian materials.
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Interest in Remote Measurements
Remote sensing applications generally require as much accuracy as can be had
when attempting to recognize materials at a distance. One such application is satellite
imagery, where 3.7μm irradiance data from the Advanced Very High Resolution
Radiometer (AVHRR) was used to gauge other measurements, such as collected data
from Thekaekara and, separately, Fontenla. These measurements required accurate
modeling of the bidirectional reflectance of the earth and atmosphere, upon which the
verification of the data sets hinged (Platnick, 2007:124-125).
Established models that simulate down-welling radiance are also of importance.
Two such models are MODTRAN 4 and S6, which were compared in atmospheric
radiative transfer models, and gauged against each other. The models consistently
produced up to 11% in error (as computed by the author) from one another when more
complex parameters were being used, but the error would drop to 1% when the models
were simplified (by taking steps such as assuming no aerosols), (Callieco, 2011:13671368). This raises significant questions on the reliability of either of the radiative transfer
software, though MODTRAN 4 is shown to be accurate when using more
computationally-intensive algorithms, in a separate paper. However, this required that
custom-made algorithms be used in order to uncouple MODTRAN 4’s atmospheric
optical parameters from the surface reflectance (Guanter, 2009:1420). This further raises
questions on whether PLEXUS, a utility designed to simplify the use of MODTRAN 4,
would be able to easily model atmospheric down-welling radiance, and more generally
whether MODTRAN 4 is reliable without making scenario-specific modifications to its
code. Regardless, the tool continues to be used by researchers for the modeling of down9

welling radiance, for purposes such as the investigation of adjacency effects in radiative
transfer models (Yang, 2009:6020).
Interestingly, and as is the case in this paper, some researchers take the step of
making direct and situational measurements of down-welling radiance, as opposed to
using modeling software to simulate such radiances. The author of one such paper stated
that modeling software have difficulty in accurately generating sky radiance and solar
irradiance from given meteorological parameters (Wilson, 2008:1943).
Summary
In summary, there is a lot of interest in accurate remote sensing applications,
which largely hinges on properly accounting for the reflective properties of materials.
This means that non-Lambertian models should be used, the first step of which is to
include the specular reflection of materials. Modeling software, however, should be used
very carefully and with caution due to the difficulty in accurately representing downwelling radiance. Fortunately, this research included measured down-welling radiances,
and is only partly focused on attempting to use PLEXUS to reproduce these
measurements.

10

III. Theory
Chapter Overview
The purpose of this chapter is to present basic theory and the theory behind
approximations and the models used for this research. Additionally, a BRDF-based
representation of spectral reflected radiance is simplified into the models used in this
paper. Lastly, the operation and use of a relevant device, a reflectometer, is explained.
Interaction of Radiation with Matter
The interaction of radiation with matter can be explained, in a simple form, by use
of the law of conservation of energy. As depicted in Figure 1, the law states that the
energy Eo incident onto a surface must equal the sum of the transmitted, absorbed, and
reflected energies, given as Eoτ, Eoα, and Eoρ, respectively, such that
(1)
where the coefficients τ, α, and ρ are, respectively, the transmittance, absorptance, and
reflectance of the material. Dividing both sides of equation (1) by Eo yields
(2)
It is important to remember what is actually happening at the boundary – a set of
transverse electromagnetic waves is interacting with the atoms and molecules of which
the surface is comprised. This means that the waves will interact differently with this
surface depending on of what atoms and molecules it is made, and depending on what
frequencies the waves have. Because of this, the coefficients in equation (2) are better
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presented as τ(λ), α(λ), and ρ(λ). The wavelength dependence becomes especially
important to remember in the next section, Kirchhoff’s Radiation Law.

Figure 1. Conservation of energy demands that all energy, Eo, that is
incident on a surface, must equal the sum of the transmitted, absorbed, and
reflected energies, which are Eoτ, Eoα, and Eoρ, respectively. The
coefficients τ, α, and ρ are, respectively, the transmittance coefficient,
absorbance coefficient, and reflection coefficient of the surface.
Kirchhoff’s Radiation Law
Kirchhoff’s radiation law is of specific importance to this thesis. The law states
that, at thermal equilibrium, a material’s spectral emissivity, the fraction of radiance it
would emit compared to that of a blackbody at the same temperature, is equivalent to its
spectral absorptance. Due to Kirchoff’s law, the following spectral relationship is
established:
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(3)

Opaque Surfaces
Opaque surfaces are those which do not transmit any energy. Thus, all energy is
either absorbed or reflected. This is represented by equation (2), where τ = 0, such that
(4)
More importantly, conservation of energy coupled with Kirchhoff’s radiation law
allow a relationship to form between the emissivity, ε(λ), and the reflectance, ρ(λ), of the
material, such that
(5)

Planck’s Blackbody Radiation Equation
A blackbody’s spectral radiance Lbb is expressed by Planck’s radiation law, and is
given as
(6)
where h is Planck’s constant, c is the speed of light, λ is the wavelength, k is Boltzmann’s
constant, and T is the temperature of the applicable material. Considering the selfemission of a surface, the radiance, Lself, may be represented using equations (5) and (6),
such that
(7)
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(8)

Lambertian Approximation
The reflected spectral radiance from a surface can be very accurately given by the
use of spectral BRDFs, where the spectral radiance in each observation direction (given
by reflected radiance angles θr and φr) is the sum of the fractions of all of the incident
spectral irradiance sources, Ei, that originated from the incident direction (given by
angles θi and φi) that were strictly reflected in the given observation direction by the
material’s BRDF fBRDF. This is given by
(9)

Not only are spectral BRDFs difficult and time-consuming to obtain, but as one
may expect, they are also computationally intensive. The most common simplification to
equation (9) is to disregard any dependence on angles. As such, the incident spectral
irradiance is summed over all incident directions, and the outbound spectral radiance is
considered to be Lambertian. Due to this, the reflectance ρ(λ,θi,φi) can be defined by

(10)
∫

∫

(11)

It is understood that Lr is now independent of the outbound angles (θr and φr),
and that the sine term in the integral of equation (10) accounts for the solid angle
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calculation, while the cosine term accounts for the projected source area as off-normal
angles are integrated. Of course, it is important to note that because of the cosine term,
the calculated term is π when the spectral radiance is calculated over 2π steradians. The
reflected radiance Lr is then given by
(12)

Lambertian Sources
The Lambertian approximation may be used when propagating all of the
reflected/emitted spectral radiance of a source to another element at some distance. The
Lambertian approximation, in that respect, allows one to carry the total radiance L of a
material outside of the solid angle integral (just as before), such that the flux at some
point in space is given by
(13)
If the source is a Lambertian hemisphere, the incident irradiance Ei may be
calculated, similarly to equation (10), as

∫

∫

(14)

(15)

SOC-100 HDR Reflectometer and Reflectance Data
The SOC-100 HDR Reflectometer by Surface Optics Corporation, without
modifications, collects hemispherical directional reflectance (HDR), diffuse directional
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reflectance (DDR), and specular directional reflectance (SDR). Using a blackbody as a
radiance source, each measurement involves the comparison of spectral reflected
radiance, at a given reflectance angle, between a given sample and a gold reference.
Measurements can also be polarized (parallel and perpendicular) or unpolarized. The
blackbody source's radiance reaches the sample stage by the use of a gold hemiellipsoidal mirror as shown in Figure 2, where the source blackbody and the sample stage
are positioned in the two foci of the hemi-ellipsoid, whose reflectance is taken to be flat,
at 1, across the wavelength spectrum of interest. Each measurement returns the spectral
reflectance of a sample as measured against the gold reference standard.

Figure 2. A reflectance measurement is taken from a sample by
comparing its reflected radiance with that of a gold reference, when
illuminated by a source blackbody. The illumination is possible by use of
a reflecting gold-plated hemi-ellipsoid, where the foci are at the blackbody
and at the sample/reference. A chopper is used to block off the source
blackbody’s radiance in order to take a reference reading of the sample’s
self-emission, which is subtracted out to acquire the sample’s reflectance.
16

Reflected Radiance Measurement
A measurement of HDR is taken by measuring the amount of reflected radiance
of a given sample, Lr-sample, to the reflected radiance from a gold reference, Lr-gold.
Furthermore, each measurement is performed by taking two readings: one where the
source blackbody is covered by a blackbody chopper (considered ‘on’), and one where
the source blackbody is not covered (considered ‘off’). This additional step is taken in
order to account for the self-emission of the sample. The HDR is then given by
(16)

This measurement is then repeated for each desired reflectance angle of
measurement by moving the detector, where the effective measurement range of the
angles is 6° to 80° with respect to the sample normal. Any measurement beyond the
effective range of angles is unreliable due to limitations in the device, as listed in the
device's manual (“SOC-100 User’s Manual”:1).

Repeated Measurements
The SOC-100 reflectometer allows for increasing the number of measurements,
whereby the reflected radiance from the gold reference is re-measured, or increasing the
number of scans, where only the sample is re-measured using an even number of scans
(as the sample has to be measured once with the chopper occluding the source blackbody
and once with the chopper away from the source blackbody). In other words, two
measurements with eight scans means that, for each measurement angle, the SOC-100
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will measure the gold reference once, perform four scans with the chopper actuated and
four scans with the chopper un-actuated, and repeat this one more time for a total of two
'measurements.'
The inherent noise in the SOC-100 reflectometer has been noted to decrease with
an increasing number of measurements and/or scans, as would be commonly expected.
However, there was no noted difference between a change in the number of scans per
measurement versus the number of measurements, when considering the total number of
scans performed (i.e., one measurement with 32 scans is equivalent to four measurements
with eight scans). However, the time required to measure a sample is higher with an
increased number of measurements than it is with a proportionally increased number of
scans. Furthermore, the noise in measurements is sufficiently reduced with a total
number of 32 scans, leading to the conclusion that optimal data collection is performed at
one measurement with 32 scans.

Hemispherical Directional Reflectance
Each regular measurement of the SOC-100 reflectometer results in a value
corresponding to the HDR of the material. This is different from a BRDF measurement
in that the HDR measurement corresponds to integrated incident radiance, as the sample
is illuminated by the source blackbody, and from all directions due to the gold, reflective
hemi-ellipsoidal mirror. The BRDF integrated over a 2π Sr incident hemisphere is equal
to the HDR, so using HDR inherently means that information is lost in regards to the
radiance incident from particular directions.
Additionally, it is worth noting that the HDR of a material is interchangeable with
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the directional hemispherical reflectance (DHR) of that material, as the BRDF produces
the same result when integrated over either the incident or outbound angles for diffuse
reflectors (Eismann, 2012:Ch 5, 33).

Diffuse Directional Reflectance and Specular Directional Reflectance
The SOC-100 reflectometer measures diffuse directional reflectance (DDR) by
using a motorized beam blocker to stop the radiance of the source blackbody in the
specular measurement direction, where “specular” is defined as the solid angle subtended
by the beam blocker in the specular direction. Thus, only the non-specular radiance is
allowed to illuminate the sample during measurement. With each such measurement, the
collection software automatically acquires the specular directional reflectance (SDR) by
taking the difference between the HDR and DDR, where the SDR is given by
(17)

Simple Radiative Transfer Model (HDR only)
A simple radiative transfer model can be made by taking all of the expected
contributions to the incident irradiance on a panel and modeling the reflected radiance
using only the HDR of the given material. If the reflected radiance is considered to only
be diffuse, then equation (12) applies to this case with the addition of the reflection
coefficient, ρ, given as ρHDR.
The sources of irradiance given by Ei in equation (12) are listed in the next
section. Adding the self-emission of the panel, from equation (8), yields
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(18)
(19)

Expanded Radiative Transfer Model (HDR, DDR, and SDR)
The simple radiative transfer model can be expanded by accounting for the
specular reflectance of a material. This requires that the data for the SDR of the material
is known, which can be provided by a device such as the SOC-100 reflectometer. Since
the HDR, as shown in equation (17), is the sum of the DDR and SDR, expanding the
model requires that the HDR be split into its DDR and SDR components, where each one
acts upon the respective radiance. The DDR is applied to the sum of all radiance incident
onto a material, while the SDR is applied to only the portion of the radiance incident on
the sample that is taken to be from the specular direction. The reflected radiance from a
hemisphere Lr-hemi (such as from the atmosphere), under the expanded model, is given by
(20)
where the material is taken to be a Lambertian reflector when using DDR, ρDDR is the
diffuse reflectance, and Ehemi is the irradiance incident from the observable hemisphere as
seen by a flat facet of the material.
The reflected radiance from the specular component of the material's reflectance
Lr-spec is the radiance that a viewing detector would be observing when looking at the
material when the material is essentially acting as a mirror across the spectrum. Of
course, the material is not a mirror, and the SDR captures this spectral behavior. The
specular reflected radiance Lr-spec is thus given as
20

(21)

The extended radiative transfer model also includes the radiance contribution
from the sun, Lr-solar. The contribution is applied to the Lambertian, diffuse reflectance of
the material, and is given by
(22)
where Esolar is the solar irradiance as attenuated by an atmospheric transmittance τa. In
the case where the solar irradiance is in the specular viewing direction, then the specular
reflectance, ρSDR is used in equation (22) in place of the diffuse reflectance, ρDDR.
Combining all of the aforementioned pieces leads to a total reflected radiance Lr
given by
(23)
(24)

Lastly, any material has self-emission given as in equation (8),
(25)

where Lbb is a blackbody emission at the material’s temperature, and the emissivity ε of
the material is given by
(26)
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Thus, the total radiance L outbound from an object, in this expanded radiative
transfer model, is
(27)
(28)

Diffuse-Only Reverse Radiative Transfer Model
The HDR of a material may be determined by using a reverse radiative transfer
model. In order to do this, equation (19) is rearranged to solve for ρHDR, such that
(29)

(30)

(31)

Tipped-Panel Scene
An actual scene needs to be considered in order to make use of the radiative
transfer model. For this, consider a flat panel of arbitrary size placed at some tipping
angle, θtip, with respect to the ground’s plane (the x-y plane), as shown in Figure 3.
The viewing vector rv at which a specular reflection is observed is given by the
angle θobs, which is the complementary to the zenith angle, and φobs, the azimuth angle as
taken from the x-axis, towards the y-axis. It is important to note that the -y-axis is
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presented in the figure, as opposed to its positive counterpart, which means that the setup
uses a right-handed coordinate system. This choice was made so that the tipping rotation
would be performed about the y-axis when the panel is observed in the shown orientation.

Figure 3. The viewing vector rv, as given by the viewing angles θobs and
φobs, is rotated into the coordinate system of the tipped panel, which is
tipped by an angle θtip with respect to the ground (x-y plane), to acquire the
rotated viewing angle Rv. This vector is then reflected using the law of
reflection, θr = θi, to acquire the rotated specular source vector Rs. Finally,
Rs is rotated into the original coordinate system to produce the specular
source vector rs, which contains all information needed to calculate the
specular source angle θspec as given from zenith.

The source of the specular reflection is described by the specular source vector rs,
which is used to determine the angle θspec as extended from zenith. The angle θspec is
sufficient in describing the specular source as the used sky and ground radiances are
azimuthally independent, removing the need of an azimuthal angle. To obtain θspec, rv is
constructed from the viewing angles θobs and φobs, and then is rotated about the y-axis
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using the rotation matrix R, as given in equations (32) and (33), which produces the
rotated viewing angle Rv.
(32)

[

(33)

]

After the initial rotation, the rotated specular source vector, given by Rs, is
determined using the law of reflection, θr= θi, by applying a reflection matrix on the
transformed viewing vector, Rv, such that
[

(34)

]

The vectors are then rotated about the y-axis in the reverse direction, again by θtip,
in order to transform the rotated specular source vector back to the original coordinate
system, such that
[

(35)

]

Lastly, the specular source angle θspec is calculated using the specular source
vector and the appropriate trigonometric relationships, as given in equation (36), where ̂,
̂, and ̂ are the unit vectors in the direction of the x-axis, y-axis, and z-axis, respectively.

(
√

̂
̂

̂
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)

(36)

The specular source angle θspec is used to determine which points of data must be
used from the available sky and ground down-welling radiance data.
Integration of Hemispherical Radiance
For the field experiments, the spectral irradiance on a material is calculated by
assuming the surrounding atmosphere may be approximated as an azimuthally-symmetric
hemisphere broken into rings of some angular width dθ. For a flat material, the
hemisphere can expectedly be entirely the atmosphere. For a tipped material, however,
the hemisphere will be a combination of atmosphere and ground. This inevitably changes
the amount of radiance incident on the material, not only because the atmosphere
becomes optically thicker at higher angles with respect to zenith, but also because the
ground is most commonly a Lambertian blackbody. The proper integration of the
hemispherical spectral radiance into incident spectral irradiance requires a more
complicated approach.
As is shown in Figure 4, a point at the origin will have a hemispherical view such
that zenith is oriented directly upwards as seen on the page. Assuming that the sky
radiance has azimuthal symmetry (i.e., it is independent of the phase angle), the radiance
can be integrated without azimuthal dependence in the top region (green). This region’s
irradiance, Eind, is given simply as
∫

∫

(37)

where the calculation is much like the one performed for the Lambertian approximation,
as shown in equation (14).
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Figure 4. The portion of the sphere to the right of the intersecting plane
represents a hemisphere surrounding the center point of the plane. The top
region represents the φ-independent portion of the integration. The
integration over the rest of the hemisphere is dependent on φ, which
complicates the integration. In a real setting, the hemisphere is cut in two
pieces by the x-y plane, where the upper piece is the solid angle subtended
by the atmosphere and the lower piece is the solid angle subtended by the
ground.

Integrating over the rest of the hemisphere (yellow region) requires the integration
to be modified to account for the dependence on the initial angle φ, as it is no longer
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spanning the whole 2π range. As shown in Figure 4, θ is at 90° when that elevation angle
is pointing along the y axis. Here, φ only covers a region from π/2, through π, to 3π/2.
Additionally, as the hemisphere is itself azimuthally symmetric, one may calculate only
half of the integration and multiply it by two. As such, the angle φ may span the range of
φinitial to π. A fair bit of geometry shows that
(38)

Lastly, since the sky and ground likely do not have spectral radiances that can be
represented by a single smooth function, they must be integrated separately. Due to the
problem setup, the sky-ground boundary is precisely at 90° in θ. The sky-borne
irradiance, Esky, is therefore the sum of equation (37) and the integration of the φdependent region, and is given as
∫

∫

(39)

The ground portion Egnd is, similarly, given as

∫

∫

(40)

Equations (39) and (40) come together in order to form Ehemi as presented in
equation (28), and this is given as
(41)
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Trapezoidal Integration
For this research, trapezoidal integration was utilized in order to perform the
integrals shown in equation (39) such that the sky is broken up into azimuthallysymmetric rings. As such, the integration limits of the zenith angle, θ, were broken up
into the respective regions as necessitated by available data (0°, 30°, 60°, and 90° in
zenith). It is important to use a sufficiently-small step size for the integration such that
the trapezoids match the actual data as smoothly as possible. As such, the sky radiance
data was interpolated from the aforementioned angles to 91 points, corresponding to 0° to
90°.
Solar Irradiance
There are numerous ways to model the irradiance given by the Sun. The choice
for this paper is to model the Sun as a Lambertian blackbody disk at a distance of 1
astronomical unit from the Earth. Using equation (6), the Sun’s radiance is given as
(42)

where the Tsun is the Sun’s temperature, which is taken to be 5778 K. Because the Sun is
so far from the Earth, it is a sufficiently-accurate practice to assume one astronomical
unit as the distance, and to take the Sun’s irradiance as delivered onto the solid angle
subtended by the Earth (as opposed to the solid angle subtended by a particular panel).
The solid angle approximation, of course, assumes that the irradiance of the Sun does not
vary much from one point on the Earth to another. However, the tilt at which a panel is
placed with respect to the solar irradiance is important and is taken into account.
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The solar flux delivered to the Earth is given by, using equation (13),
(43)

Since the Sun is considered to be a flat disk, the solar radiance Lsolar is also
independent of the area, and can be pulled out of the integral completely. The double
integral over the area then becomes nothing more than the area of the solar disk. The
second double integral represents the solid angle subtended by the Earth, where θ is the
angle which extends from the on-axis line to the edge of the Earth’s area, and φ
represents the radial portion of the integration, as shown in Figure 5.

Figure 5. A solar disk of radius rsun emits radiance towards the Earth, with
radius rearth from a distance d of 1 AU. The distance is so large that a
small angle approximation can be made such that the angle
varies
insignificant amounts when drawn from any point of the Sun towards the
Earth’s edge. The same reasoning can be applied to justify disregarding
which point on the Earth is actually of interest, as they all receive
approximately the same amount of flux.
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To calculate the flux received at the Earth, populate equation (43) to account for
the parameters of interest. The flux is then given by
∫

∫

(44)

(45)

With a little geometry, θmax can be calculated as
(

)

(46)

Thus, the solar flux delivered to the Earth is
(

(

(

)))

(47)

The fact that the distance between the Sun and the Earth is much larger than
either the Sun’s or the Earth’s radius allows the use of the small angle approximation (in
regards to θ) such that it can be assumed that the irradiance delivered to one point on the
Earth is nearly indistinguishable from that delivered to another point. In other words, the
solar irradiance Esolar is independent of the differential area element of the Earth, and is
therefore given as
(48)

where τa is the atmospheric transmittance.
Plugging in the solar flux yields
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(

(

(

)))

(49)

The last piece to be included results from the fact that the projected area upon
which the Sun is radiating may be smaller than the total area of an irradiated panel.
Therefore, Esolar must be scaled by the cosine of the angle between the panel’s normal ̂ p,
and the solar irradiance source’s normal, ̂ s, where both normal vectors are unit vectors
with a magnitude of 1. Geometrically, the angle between them is represented by the
relationship
(̂

̂ )

̂

̂

(50)

where the unit vectors may be presented in terms of the angles θs and φs, and θp and φp,
which are the elevation and azimuth angles of the source and panel vectors, respectively.
Equation (49), scaled by equation (50), is now ready to be used in the radiative
transfer model as given by equations (19) and (28). The values utilized for equation (49)
are listed in Table 1.
Table 1. Distances used in modeling solar irradiance at the Earth
Length (km)
695,800
6,371
149,597,871
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RMS Relative Difference Metric
This research involves comparing two spectra – one measured and one modeled –
in order to gauge the accuracy of the tested models with the measured data. The overall
accuracy can be gauged using a per-wavelength relative root-mean-square difference of
the measured, Lmeas, versus the modeled, Lmodel, spectral reflected radiances, given as

√ ∑[

]

(51)

where N is the total number of points across the wavelength spectrum, and λi is the
wavelength at each measured (or modeled) point i. Equation (51) may also be used for
any other spectra, such as the measured and modeled spectral reflectance of a material.
It is important to note that the RMS metric is much more reliable in showing the
relative difference in magnitudes between the two spectra (per wavelength) than it is
showing the accuracy in spectral features. For this reason, a second metric – Spectral
Angle Mapper (SAM) – is utilized.
Spectral Angle Mapper Metric
The spectral angle mapper metric gauges how well measured and modeled
reflected radiances compare spectrally, though it loses information on the magnitudes of
the radiances. For this research in particular, this is done by allowing every wavelength
within the spectra to be represented as its own dimension, where the measured and
modeled spectra are represented as 1-dimensional vectors. The spectral angle, rSAM, is
then given as the angle between the two vectors (Eismann 2012:Ch 14, 31-32), such that
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(
‖

‖‖

‖

)

(52)

The smaller that the angle between the two vectors is, the more alike they are
spectrally. Again, this metric may also be used for spectral reflectance as opposed to
spectral reflected radiance. Also, since the relative RMS difference metric loses spectral
information, while the SAM metric loses information in magnitude, the two methods
combined provide a clear picture of how well two spectra compare.

33

IV. Methodology
Chapter Overview
The purpose of this chapter is to outline the origin of applicable data, and how
that data is used in the radiative transfer models. First is presented information about the
field-collected data, which includes sky down-welling radiance, panel reflected radiances,
panel temperatures, and Infragold® reflected radiances. Next, the lab-collected (using
the SOC-100 HDR Reflectometer) reflectance data for a sample of each material is
presented, followed by a discussion on the generation of sky down-welling radiance and
atmospheric transmittance using PLEXUS.
Much of the collected and generated data do not have the same resolutions,
necessitating the subsequent discussion of how all data is imported and re-sampled.
After, the models which utilize this data – forward and reverse radiative transfer models –
are discussed, followed by a short discussion on the specific geometry utilized within the
models.
Field Data Collection
An array of data was collected in a real setting. The data includes the spectral
reflected radiance (in the range of 7-14μm) from eight different panels, where the
collection occurred with one set of panels flat against the ground (surface normal
pointing at zenith), while a second set of panels was tipped at 45° with respect to zenith.
The observation angle of the collection was loosely kept the same from panel to panel, at
approximately 45° in azimuth (from the panel normal’s projection onto the ground
plane), and 40° in zenith. As a truth-check, an Infragold® panel was also positioned next
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to each panel and measured at the same angle at which each panel was measured. The
Infragold® measurements were used primarily to verify that the radiative transfer models
function properly.
The panels ranged in emissivity, reflectance, and specularity. The flat panels are
designated as M1 through M8, while their tipped equivalents are M9 through M16. Sky
spectral radiance (also at 7-14μm) was collected next to each of the panels at angles of 30°, 0°, 30°, 60°, 90°, and 105° with respect to zenith, where the 105° measurement is
considered to be the ground measurement. It is important to note that the 105° angle is
not the only one pointing at ground, but that the 90° angle also observes ground due to
hilly terrain. Figure 6 shows the mean sky radiance data from each angle calculated from
all the measurements, while Figure 7 shows the respective standard deviations. The
shown standard deviations range from 25 to 225 μW/cm2Srμm, largely due to both the
increase in ambient temperatures and the change in cloud profiles with time. The
ambient temperatures would be expected to be the dominant effect, but one would expect
that if that was the case, then the standard deviation of the 30° zenith case would be
much more like the 0° and 60° cases. The fact that it is not suggests that cloud profiles
must have had a significant temporal effect on the down-welling radiances. Each set of
measurements took an average of 17 minutes to take, in the following order: downwelling measurements, tipped panel reflected radiance, tipped Infragold® reflected
radiance, flat Infragold® reflected radiance, and flat panel. The time between the first
down-welling measurement and the reflected radiance of the tipped panel averaged 4
minutes. Therefore, it can be expected that there were at least 4 minutes between the first
down-welling measurement and the measurement of Infragold® and panel reflected
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radiances, allowing more time for the down-welling radiance to change before those
reflected radiance measurements are made.
The measurements were performed between approximately 1600 and 1800 GMT,
where the ambient temperatures ranged from 18C to 22C, and the sky was partly cloudy.
The temperature values were downloaded from online databases for the location of the
field collection and used to model the self-emission of the Infragold® panels, as unlike
the rest of the materials, the Infragold® did not have thermocouples.
The solar position at the date and location of measurements ranged (over the
precise time of collection) approximately from 57° to 42° in zenith, and 113° to 147° in
azimuth, respectively, where North is considered 0° in azimuth (and is 180° off from the
tipped panel’s normal projection, as the tipped panel faced South). The corresponding
specular reflections for flat panels were away from the observing FTIR for all angles, as
the solar reflection headed due North, while the FTIR was positioned South of the panels.
The tipped panels (tipped towards South) had a solar specular reflection angles ranging
from 70° to 55° in zenith, to 235° to 206° in azimuth, respectively, and were calculated
using rotation matrices given in the Tipped-Panel Scene section in Chapter III, where
both ranges are outside of the observation orientation of the FTIR, resulting in negligible
solar contributions.
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Figure 6. The mean field-collected sky radiances are shown. Though
more data was gathered, only the data of interest, zenith, 30°, 60°, and 90°
from zenith, and ground radiance is included. This data contributes to the
reflected radiance that is modeled.

Figure 7. The standard deviation of the field-collected sky radiances are
shown. Though more data was gathered, only the data of interest - zenith,
30°, 60°, and 90° from zenith, and ground radiance - is included. This
data contributes to the reflected radiance that is modeled.
37

Lastly, every panel had five thermocouples from which temperature readings
were taken. The temperature measurements (and their standard deviations) were
averaged from five thermocouples on each panel, giving a single measurement
temperature and a corresponding standard deviation, across each panel’s thermocouples.
These will be presented in Chapter V. The standard deviation for each panel was divided
by the measured temperature, and an average across all panels was taken, giving an
average panel temperature measurement uncertainty of 1.74%. This value represents a
quantitative measurement of how, on average, the thermocouple temperatures deviated
from the average for each thermocouple set.
Infragold® Measurements
The Infragold® spectral reflected radiance measurements were used as a sanitycheck for the diffuse-only and diffuse-specular forward models. A pristine sample of
Infragold® was not available for reflectance measurements with the SOC-100, so it was
assumed that its HDR is spectrally flat with a reflectance of 0.94 as presented on the
company’s website, for the 7-14μm band. It is important to note here that the reflectance
of the Infragold® cannot be backed out using field-collected measurements because,
again, the temperature of the panel is unknown. As such, both modeling the reflected
radiance of Infragold® and modeling the reflectance of Infragold® will produce results
that are dependent on the modeled self-emission of the Infragold® panel. Therefore, a
choice was made to only model the reflected radiance of the Infragold® for each
measurement made in the field, and to gauge the variation in accuracy by comparing the
modeled reflected radiance to measured reflected radiances.
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An older sample of Infragold® was measured, and is shown in Figure 8. The
sample is still spectrally flat, but it is also of lower reflectance than what is advertised on
the company’s website. This may be owed to the fact that the sample may be considered
aged and/or weathered. However, in order to best represent the reflectance of the
Infragold®, a quantity for SDR or DDR is required to augment the accepted HDR of
0.94. Therefore, the assumption is made that the aged sample has specularity still
indicative of the specularity of the field-used Infragold®. As such, the SDR can be given
as approximately a flat value of 0.06, which is calculated by taking the product of the
accepted HDR by the ratio of the mean SDR/HDR of the aged sample across the
wavelengths. The reflectance may be represented as a single number without much loss
(for all wavelengths) in accuracy since the aged sample is mostly spectrally flat.
No measurements were made of the temperature of the field-used Infragold®,
which largely complicates the goal of producing accurate modeled spectral reflectances.
Though the Infragold® itself may have a very high reflectance, it was contained within a
wooden frame that would drive the temperature of the material to higher values,
producing a source of error, albeit a small one as the emissivity of the material is low due
to Kirchoff’s Law. As mentioned previously, the ambient temperatures were utilized to
represent the Infragold® temperature throughout the date, though a flat 10°C were added
so that the values would float near the thermocouple temperatures of the next most
reflective material, the radiant barrier M5.
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Figure 8. This plot shows the HDR, DDR, and SDR of an aged sample of
Infragold®. Though it does not reach an HDR of 0.94 (as presented for
Infragold® on the producer’s website), it is expectedly spectrally flat, and
it does have a low specularity ratio of SDR/HDR as the HDR is above 0.7
and the SDR is below 0.1.

The collected Infragold® data is presented in Figures 9 and 10, where the flat and
tipped panel measurements are ranked in order of measurement by time. The measured
radiances, however, did not increase in order of time. Since the ambient temperatures
changed smoothly and in one direction, one would expect the same to happen with the
radiance reflected from the Infragold® panels, as the down-welling radiance can be
expected to change smoothly with time. This is not the case, leaving only the changing
cloud cover as the external source in variation of down-welling radiance.
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Figures 11 and 12 present additional data – the mean and standard deviation of
flat and tipped (at 45°) Infragold® panels. The deviation of the radiance ranges between
approximately 20 and 90 μW/cm2Srμm for the flat measurements, and 20 and 80
μW/cm2Srμm for tipped measurements. A portion of the deviations are owed to the
changing ambient temperatures, thereby increasing the down-welling radiance, though
some is also attributed to the changing cloud cover, as the measured radiance did not
increase in time in a single direction.

Figure 9. This plot shows the spectral reflected radiance of the flat
Infragold® panel as measured during eight different times, which are
ranked in order in the legend. The ambient temperatures during
measurement time increased in one direction, though the measured
reflected radiances do not rank in order of radiance from lowest to highest,
suggesting that changing cloud cover significantly affected measurements
over time.
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Figure 10. This plot shows the spectral reflected radiance of the 45°
tipped Infragold® panel as measured during eight different times, which
are ranked in order in the legend. The ambient temperatures during
measurement time increased in one direction, though the measured
reflected radiances do not rank in order of radiance from lowest to highest,
suggesting that changing cloud cover significantly affected measurements
over time.
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Figure 11. This plot shows the mean and standard deviation of the
measured spectral reflected radiances from the flat Infragold® panel, as
measured at eight different times. The measured radiance varies between
approximately 20 and nearly 90 μW/cm2Srμm, likely owed to changing
ambient temperatures and cloud cover as supported by Figures 9 and 10.

Figure 12. This plot shows the mean and standard deviation of the
measured spectral reflected radiances from the 45° tipped Infragold®
panel, as measured at eight different times. The measured radiance varies
between approximately 20 and nearly 80 μW/cm2Srμm, likely owed to
changing ambient temperatures and cloud cover as supported by Figures 9
and 10.
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SOC-100 Reflectometer Data Collection
The collection of spectral HDR, SDR, and DDR data on samples of materials M2,
M5, and M6 was performed using one measurement and 32 scans with the source
blackbody at 700°C. Samples of materials M1, M3, M4, M7, and M8, however, were
measured using one measurement and eight scans, with a source blackbody at 450°C, in
order to avoid damage to the samples (reduced exposure time). This was also
necessitated as fumes from heated samples may inadvertently coat the gold hemiellipsoidal mirror and the optics of the device and rendering the SOC-100 reflectometer
less accurate. Additionally, the measurements were unpolarized, again in order to reduce
the total exposure time of the sample to the source blackbody.
The collected data is in the range of 2-25μm, even though only the range of 714μm was utilized for research. The data was collected at angles of reflectance (with
respect to the sample’s normal) of 20°, 30°, 40°, 45°, 50°, 60°, and 70°. Figure 13 is
shown as a sample of one of the panels, M8, when observed at 30°. The data suggests
that the material is not very reflective as the highest peak is below 30% reflectance, but is
very specular, as the SDR line closely follows the HDR line. Additionally, the DDR is
generally low compared to the total HDR, as the DDR is always below 2% reflectance.
Due to the limitation in the SOC-100 reflectometer, no data was taken below 20°
or above 70° in reflectance angle. In order to allow for any reflectance angle to be used,
the data was interpolated to reflect an important statement made by Fresnel’s equations
(Hecht 1998), that at angles of incidence (correspondingly, reflectance angles here)
which approach 90°, any material becomes increasingly reflective.
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Figure 13. The HDR, SDR, and DDR of panel M8 (laminated safety
glass) at 30° angle of incidence are presented. The sample has an overall
low reflectance as it is less than 0.30. It is, however, very specular, which
is evident by the SDR line closely following the HDR line. Conversely,
the material is minimally diffuse. This plot is presented as an example.
The rest of the reflectance plots may be found in Appendix A.

The collected SOC-100 reflectometer data was, during interpolation, also
interpolated across the range of angles from zero to 90°. A sample of the interpolated
data at one particular wavelength (10μm) is shown in Figure 14, where the HDR and
SDR of the material approach one as the reflectance angle approaches 90°. As expected,
the DDR simultaneously approaches zero. Plots of the rest of the panels are shown in the
Appendix B.
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Figure 14. The HDR, SDR, and DDR of panel M1, flame-sprayed
aluminum, are given at 10 microns, as a function of angle of incidence.
This is data which was interpolated to reflect that all materials have a
reflectance which approaches one as the angle of incidence approaches
90°. In this figure, the HDR and SDR are shown to reflect this rule, while
the DDR decreases to zero as expected.

The panels were characterized depending on their properties as measured by the
SOC-100 reflectometer in the categories of reflectance, specularity, diffuseness, and
emissivity, as given by their average HDR, average SDR, average DDR, and average
emissivity, ε, respectively, across the 7-14μm. Additionally, the specularity of each
material is given as the quotient of the HDR and SDR, where a higher number indicates a
more specular material. The information is presented in Table 2.
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Table 2. Mean HDR, SDR, DDR, and emissivity ε across the 7-14μm wavelength range
for the eight panels at the angle of incidence of tipped panels (30°).
Panel

HDR

SDR

DDR

Specularity
(SDR/HDR)

ε = (1HDR)

M1
M2
M3
M4
M5
M6
M7
M8

0.66
0.076
0.078
0.12
0.95
0.21
0.060
0.14

0.042
0.0022
0.0014
0.060
0.84
0.011
0.052
0.13

0.62
0.073
0.078
0.057
0.11
0.20
0.0083
0.0088

0.064
0.029
0.018
0.5
0.88
0.052
0.87
0.93

0.34
0.92
0.92
0.88
0.052
0.79
0.94
0.86

PLEXUS (using Modtran 4.0 V2R1)
PLEXUS was used to generate data to account for the atmospheric effects when
modeling solar irradiance. The data was generated using parameters which match the
field collection conditions as closely as possible.
Additionally, PLEXUS was used to generate sky spectral radiance data in order to
compare to field-collected data, as shown in Figures 15-18. If the generated radiances are
sufficiently close to the field-collected radiances, then PLEXUS may be used as a
replacement, and more importantly could account for the sky radiances in reverse
radiative transfer models, where measured sky radiance at a specific location is likely not
known. The performance of these plots is discussed later, in Chapter V, though it is
readily apparent that the PLEXUS radiances do not closely match the mean field downwelling measured radiances.
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Figure 15. The sky down-welling radiance at zenith is shown for the mean
field-collected and PLEXUS-generated data. The general spectral features
match, though the field data appears much more smoothed than the
PLEXUS data, and the PLEXUS data has less radiance across the
spectrum, likely because cloud cover data was not rigorously modeled.

Figure 16. The sky down-welling radiance at 30° from zenith is shown for
the mean field-collected and PLEXUS-generated data. The general
spectral features match, though the field data appears much more
smoothed than the PLEXUS data, and the PLEXUS data has less radiance
across the spectrum, likely because cloud cover data was not rigorously
modeled.
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Figure 17. The sky down-welling radiance at 60° from zenith is shown for
the mean field-collected and PLEXUS-generated data. The general
spectral features match, though the field data appears much more
smoothed than the PLEXUS data, and the PLEXUS data has less radiance
across the spectrum, likely because cloud cover data was not rigorously
modeled.

Figure 18. The sky down-welling radiance at 90° from zenith is shown for
the mean field-collected and PLEXUS-generated data. The general
spectral features match, though the field data appears much more
smoothed than the PLEXUS data, and the PLEXUS data has less radiance
across the spectrum, likely because cloud cover data was not rigorously
modeled.
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Importing and Re-sampling Data
Data to be used for the radiative transfer model could have any number of
differences which would make it unusable without specific transformations. Such
differences include primarily the units of the data, the range of the data, the number of
data points in the given range, and the linearity of data, where the spacing between two
data points may or may not be constant. The code written for this research was designed
such that it may import any sort of data as long as it has the appropriate units. The range,
number of data points, and relative spacing between each data point are automatically
accounted for by using a spline interpolation function. This interpolation function forces
all imported data to fit to a particular range in wavelength, with a particular number of
data points, where the spacing between all data points is made constant. This is
important as any physical simulation which uses an array of discrete values for its
simulation must have those values matching in range and spacing.
Furthermore, the research requires the continued re-modeling of all available data
in order to find the most accurate method which represents collected data. For this, the
code’s design is powerful in allowing an experimenter to use different sources of data at
will. This, of course, includes all field data, SOC-100 reflectometer data, and PLEXUSgenerated data used for this paper.
Radiative Transfer Model
The radiative transfer model described in Chapter III was used in both the diffuseonly and the diffuse-specular forms. The sky down-welling radiance, the ground
radiance, and the reflectance data (HDR, SDR, and DDR) were obtained from the field-
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collected and lab-collected data, while the solar radiance, atmospheric transmittance, and
panel self-emission were modeled. None of the PLEXUS data was used in the radiative
transfer models as it did not match the measured down-welling radiance data upon visual
inspection.
Reverse Radiative Transfer Model
The reverse radiative transfer model was used for only the diffuse-only case, due
to the difficulty, in the time permitted, of fitting a reflected radiance in two variables, the
HDR and SDR, as opposed to fitting it to only the HDR (which is a direct calculation).
Model Angular Parameters
Each model was performed using estimated observation elevation and azimuth
angles, where these angles were assumed to be the same during the collection of data
from panel to panel. The estimated angles of 40° from zenith and 45° in azimuth
necessitated a specular observation angle, θspec of 63° from zenith as calculated using
equation (36). This specular angle corresponds to 27° above the horizon. It is important
to note that the angles may vary some since the measuring FTIR was positioned from one
panel to the next, but it is assumed that the variation would not cause a significant change
in the observed spectral reflected radiances.
Summary
The collection of field and lab data was introduced, providing many specific
details of the collection, and showing the mean and standard deviation of down-welling
radiances at different angles across all panels. It is shown that the deviation at 0° and 60°
from zenith is significantly higher than at 30° and 90°, raising questions about the
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variation of the down-welling radiance. This was also evident in the measurement of
Infragold® time-ordered reflected radiance, and standard deviation. Furthermore,
reflectance of aged Infragold® was shown, and the use of specific HDR and SDR was
justified.
The HDR, SDR, and DDR, specularity, and emissivity data of each individual
panel were presented. Additionally, the use of PLEXUS was explained as a tool for
generating atmospheric transmittance and down-welling radiance at different angles.
Lastly, the importance of resampling data was explained, and an overview of the use of
the radiative transfer model and the reverse radiative transfer model was given, along
with a short discussion on parameters used in the models.
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V. Analysis and Results
Chapter Overview
This chapter introduces all data collected using the methodology given in Chapter
IV. Subsequently, an analysis and results are presented, allowing for appropriate
conclusions to be made regarding the accuracy of the diffuse-only and diffuse-specular
radiative transfer models, and the feasibility of a reverse radiative transfer model for
material identification.
First, a fundamental method used in the code base, spline interpolation, and how
accurate it is to any (expected) degree of interpolation is established. This is followed by
a short, related analysis of how different the hemispherical integration is when it is
performed with few (four) and many (91) samples of data, in order to give credence to
the use of only four points of field down-welling radiance data (0°, 30°, 60°, and 90°
from zenith). Then, the importance of the solar irradiance in the radiative transfer models
is gauged as a whole. Subsequently, the results and the analysis of the performance of
both the diffuse-only and diffuse-specular radiative transfer models are presented,
followed by an analysis on a reverse, diffuse-only radiative transfer model.
Accuracy of Spline Interpolation in Resampling of Data
The code written for this paper heavily relies on cubic spline interpolation in
order to resample all available data to the same, chosen base range of wavelengths and
angles (if applicable). Therefore, it is of interest that the cubic spline interpolation can
accurately fill in missing values for those data sets which are smaller than the chosen data
set, and that it can down-sample data which has a lot more data points per wavelength
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range. It is understood, however, that spectral features will be eliminated in downsampling, and will not be recovered during up-sampling, due to the nature of
interpolation.
It would be ideal to obtain some empirical metric that shows the difference
between original and interpolated data. This is especially challenging to do because the
mathematical comparison could only be made if the same number of values existed in
both sample sets. Inherently, however, the interpolated sample set has more or fewer
data points, and so the easiest practical way of comparing the two data sets becomes to
simply plot them on the same axes.
As is shown in Figure 19, the difference between the imported data and its
interpolated equivalent cannot be seen, as the two curves overlap completely. This would
not be the case, however, if the original set of data was down-sampled by a sufficient
amount. For this reason, all calculations made subsequently up-sample data to match the
sample set with the highest resolution. In other words, a one-dimensional grid of points
is used to represent, for example, both spectral reflectance and measured spectral
radiances. This grid is always refined to match the number of points equal to the number
of points of the highest resolution data that is used. Naturally, the interpolated data will
therefore always match the original data, but will not become more accurate, as presented
by the example Figure 19.
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Figure 19. This plot shows panel M16 (tipped auto-glass) as an example,
and shows that there is no difference in interpolated data when compared
to original data. The two curves overlap completely. This means that the
prolific use of interpolation within the code base will not cause any errors
in the radiative transfer model, as all of the spectral features are preserved
as long as the data is not down-sampled.
Hemispherical Irradiance at Panel
A potential source of error that was investigated was the amount of error present
when integrating all radiance from the visible hemisphere, where only a few data points
are available to represent the hemispherical data (as opposed to a comprehensive set of
data covering many viewing angles). As a check, the amount of error was gauged with
the help of PLEXUS, though the generated data was not used for any of the subsequent
research. PLEXUS radiance data was generated from 0° to 90° with respect to zenith,
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with a step size of 1°, yielding 91 sets of data. This large set of data was used to generate
Ehemi as given in equation (41), and was compared to an equivalently-generated
hemispherical irradiance using only four sets of the 91 sets of data, which were chosen at
angles 0°, 30°, 60°, and 90° from zenith.
As shown in Figure 20, the relative difference between the two sets of data is very
low, ranging from below 0.3% to above -0.5%, with a root-mean-square value of 0.178
μW/cm2 (when averaged over the wavelength range). It is important to note, however,
that larger deviations between the data may exist if, for example, the 30° viewing angle
included cloud cover, while the rest did not. This would increase the error for a lowsampled set of data as compared to a more comprehensive set of data.

Figure 20. The percent error of PLEXUS sky irradiance data as compared
between the hemispherical integration of four samples versus 91 samples
is shown. There indeed is a difference, but it is very small and loosely
bound between -0.5% and 0.3%. The RMS of the two data sets used,
across the shown spectrum, is 0.178 μW/cm2, which is a negligible
amount.
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Solar Contribution
It is commonly understood that solar radiation is very relevant in the visible and
near-infrared spectra when compared to terrestrial emissions. In the mid-infrared
spectrum, solar radiation is very comparable to terrestrial emissions, while in the longwave infrared range, solar radiation largely dwarfs in comparison to the thermal
emissions of objects, terrain, and the atmosphere at standard (atmospheric) temperatures
(Eismann, 2012:Ch 5, 22-29).
The solar contribution to the radiative transfer model was modeled and included
in order to confirm that it will have a small effect on the total reflected radiance from a
given panel. Furthermore, it would make the model more accurate especially in the
specific case where the solar radiation is incident onto a panel in the specular direction of
the observation angle. An example of the solar contribution for the non-specular case is
shown in Figure 21, where the modeled incident solar irradiance is significantly smaller
when compared to the modeled sky irradiance.
The comparatively small amount of solar irradiance available means that it has a
very small effect on a panel’s reflected radiance, in both the diffuse and the specular
cases (unless the Sun is in the specular direction of the observer). As stated in Chapter
IV, the field measurements were never made with the sun in the specular direction.

57

Figure 21. The solar and sky irradiance at panel M1 (flame-sprayed
aluminum) are shown as an example, where the sun’s position is outside
of the specular viewing angle. The modeled solar irradiance is much
smaller than the modeled sky irradiance, which is expected in the 7-14μm
(long-wave infrared) wavelength range. This shows that the solar
irradiance plays a very small part in properly modeling reflected radiance,
except in the specular direction, where a high SDR may become a
significant contribution in the case of a low DDR.

Infragold® Modeling
The Infragold® measurements were used in order to verify that the radiative
transfer models work properly. Since no temperature measurements of the panels were
made, the models were carried out assuming the temperature of the panel is 10°C above
the ambient temperature at the time of measurement. This is realistic in that the resulting
temperatures roughly match those of the mean thermocouple measurements of the other
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most reflective material on the site – the radiant barrier, M5. This is furthermore
acceptable as the temperature does not have a very dominating effect on the reflected
radiance, since it controls the self-emission of the Infragold®, which is low due to the
very low emissivity of Infragold®.
The best and worst cases are shown in Figures 22 and 23, where all other
measurements produced results somewhere in between the two cases. The relative
difference between measured and modeled data is presented in Tables 3 and 4 in order to
give a complete picture of how closely the data match. The data is presented only for the
diffuse-only model, as since the SDR of Infragold® is low, the diffuse-specular model
did not produce significantly different results.

Figure 22. The measured and modeled spectral reflected radiances are
given for the best matching case in modeling the measured reflected
radiance from Infragold®. The difference between the two is notably low,
where the relative difference metric of the two is shown in Table 3, at time
1632 GMT.
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Figure 23. The measured and modeled spectral reflected radiances are
given for the worst matching case in modeling the measured reflected
radiance from Infragold®. The difference between the two is notably
high, where the relative difference metric of the two is shown in Table 3,
at time 1615 GMT. The difference vaguely resembles a blackbody curve,
and likely indicates that a cloud was present during the measurement of
the panel, but not during the measurement of the down-welling radiance a
few minutes prior.

Table 3. Relative difference between measured and diffuse-only modeled reflected
radiance of Infragold®, across the 7-14μm band.
Measurement
Time (GMT)
1615
1617
1630
1632
1650
1652
1705
1706

RMS Relative Difference
(%)
33.60
25.52
17.81
4.12
12.14
15.74
22.37
15.72

Measurement
Time (GMT)
1730
1732
1746
1748
1801
1802
1816
1817
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RMS Relative Difference
(%)
7.09
19.22
21.36
11.11
19.48
11.81
22.04
20.76

Table 4. SAM values between measured and diffuse-only modeled reflected radiance of
Infragold®, across the 7-14μm band.
Measurement
Time (GMT)
1615
1617
1630
1632
1650
1652
1705
1706

Spectral Angle (°)

Measurement
Time (GMT)
1730
1732
1746
1748
1801
1802
1816
1817

12.56
8.97
7.02
1.98
3.51
4.67
7.60
5.27

Spectral Angle (°)
2.36
5.97
7.67
3.50
7.35
4.65
7.92
8.15

The presented relative differences and spectral angles are a result of the difference
between measured reflected radiances and the corresponding measured down-welling
radiances. Since the measurements were not made simultaneously, but taken over, on
average, a 4-minute time period, it is plausible that the down-welling radiance would be
affected by changing cloud cover. Additionally, changes in the position of the
Infragold® would change the radiance delivered from other surroundings. Since no
measurements were made on the radiance outbound from the surroundings, adjacency
effects also remain a probable cause for variations in the difference between measured
reflected radiance, and the modeled reflected radiance produced using the measured
down-welling radiances.
In the next section, the measured and modeled reflected radiances from panels of
different materials were compared by finding the differences in thermocouple
temperatures of the panels, and the panel temperature required in order to achieve a best
fit of measured versus modeled reflected radiances. This self-emission temperature
optimization was not performed for the Infragold® modeling because, though the relative
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differences in reflected radiance may not be so large (as given in Table 3), since the
emissivity of Infragold® is so small (1-0.94), then the self-emission temperatures are
optimized to unrealistic values in order to account for that relative difference in measured
versus modeled reflected radiance. The optimization was performed but is not presented
as optimized temperatures ranged approximately from -50°C to 150°C, and the relative
differences between measured and modeled reflected radiance are sufficient in showing
how much the measured down-welling radiance varied. This is because the primary
contributor to the modeled reflected radiance is the measured down-welling radiance, and
there should be minimal difference, from one position and time to another, between
measured and modeled Infragold® reflected radiances. Since the same Infragold® was
used for each experiment, and so long as the measured down-welling radiances
accurately represented the actual radiance incident on the Infragold® at each
measurement point and time, then the relative difference between measured and modeled
reflected radiances would be consistent, which it is not, as shown in Table 3.
Measured vs. Optimized Panel Temperatures
Initial modeling of the reflected radiance at each panel, which used the mean
thermocouple temperatures at that panel as the panel temperature, showed a significant
difference, across all panels, when compared to the measured spectra. One such example
is given in Figure 24, where panel M12 is presented as modeled using the measured
thermocouple temperature for the panel’s self-emission component. Though the spectral
features appear to match, the two spectra are different in magnitude. An educated guess
was made that a likely cause could be an inaccuracy in the temperatures used, thereby
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producing an error in the self-emission of each panel. Therefore, the panel temperatures
were allowed to ‘float’ such that an optimal temperature was found for each, where that
temperature produced the least-possible RMS relative difference as given by equation
(51). The measured and modeled reflected radiance subsequently matched very well, as
depicted in Figure 32. The differences in measured and optimized temperatures were
recorded and are presented later in this chapter.
The optimization by panel temperature was repeated for both the diffuse-only and
the diffuse-specular models, as they are expected to produce different reflected radiances
during optimization. Therefore, each would have different corresponding optimized
temperatures. The determination of which model performs better than the other is
therefore dependent on how close each of the models is able to match the measured
thermocouple temperatures.

Figure 24. The measured and modeled reflected radiances at M12
(foamboard) are shown for the diffuse-only model, as an example. The
spectral features seem to vaguely match up (calculated spectral angle of
1.76°), though the two spectra are off in magnitude, with a calculated
relative difference of 7.19%. Optimizing the modeled spectra by varying
the temperature forces the modeled spectra to match the measured spectra
in magnitude, as shown in Figure 32.
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Diffuse-Only Radiative Transfer Model
All panels were modeled through the diffuse-only radiative transfer model. The
following figures show the measured and modeled (optimized) reflected radiances.

Figure 25. The measured and modeled reflected radiances at M1 (flamesprayed aluminum) are shown for the diffuse-only model.

Figure 26. The measured and modeled reflected radiances at M9 (flamesprayed aluminum) are shown for the diffuse-only model.
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Figure 27. The measured and modeled reflected radiances at M2 (320-grit
sandpaper) are shown for the diffuse-only model.

Figure 28. The measured and modeled reflected radiances at M10 (320grit sandpaper) are shown for the diffuse-only model.
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Figure 29. The measured and modeled reflected radiances at M3 (high
emissivity, low reflectance material) are shown for the diffuse-only model.

Figure 30. The measured and modeled reflected radiances at M11 (high
emissivity, low reflectance material) are shown for the diffuse-only model.
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Figure 31. The measured and modeled reflected radiances at M4
(foamboard) are shown for the diffuse-only model.

Figure 32. The measured and modeled reflected radiances at M12
(foamboard) are shown for the diffuse-only model.
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Figure 33. The measured and modeled reflected radiances at M5 (radiant
barrier) are shown for the diffuse-only model.

Figure 34. The measured and modeled reflected radiances at M13 (radiant
barrier) are shown for the diffuse-only model.
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Figure 35. The measured and modeled reflected radiances at M6 (medium
emissivity material) are shown for the diffuse-only model.

Figure 36. The measured and modeled reflected radiances at M14
(medium emissivity material) are shown for the diffuse-only model.

69

Figure 37. The measured and modeled reflected radiances at M7 (black
vehicle paint) are shown for the diffuse-only model.

Figure 38. The measured and modeled reflected radiances at M15 (black
vehicle paint) are shown for the diffuse-only model.
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Figure 39. The measured and modeled reflected radiances at M8
(laminated safety glass) are shown for the diffuse-only model.

Figure 40. The measured and modeled reflected radiances at M16
(laminated safety glass) are shown for the diffuse-only model.
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The mean and standard deviation of the thermocouple temperatures are shown in
Table 5, along with the optimized temperatures, for each panel. Table 6 shows the
relative difference between the measured and optimized temperatures that was
subsequently acquired.
Table 5. Mean and standard deviation of thermocouple temperatures, and diffuse-only
optimized panel temperatures.
Panel
M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12
M13
M14
M15
M16

Thermocouple
Mean Temp (°C)
56
54
53
39
29
67
48
35
60
66
57
43
35
73
52
39

Thermocouple Standard
Deviation (°C)
0.260
3.363
0.364
1.084
0.539
0.594
0.473
0.217
0.332
2.772
0.421
0.677
0.849
0.823
0.976
0.342

Optimized Temp
(°C)
64
52
56
30
-23
69
51
32
61
63
59
38
107
75
57
36

Table 6. Relative difference between measured and optimal panel temperatures using the
diffuse-only model.
Panel
θtip=0°
M1
M2
M3
M4
M5
M6
M7
M8

Relative Difference
(%)
2.52
0.70
0.96
3.11
20.68
0.72
0.92
1.09

Panel
θtip=45°
M9
M10
M11
M12
M13
M14
M15
M16
72

Relative Difference
(%)
0.22
0.80
0.64
1.49
19.04
0.59
1.39
0.91

For a more complete picture, Table 7 shows the corresponding relative differences
between the measured and optimized, modeled spectra, and Table 8 shows the respective
spectral angles for each panel.
Table 7. Relative difference between measured and modeled diffuse-only reflected
radiance data, across the 7-14μm band..
Panel
θtip=0°
M1
M2
M3
M4
M5
M6
M7
M8

RMS Relative Difference
(%)
4.46
1.61
2.34
5.97
13.05
2.52
1.64
6.83

Panel
θtip=45°
M9
M10
M11
M12
M13
M14
M15
M16

RMS Relative Difference
(%)
3.87
1.70
2.32
2.68
10.78
2.53
1.90
1.93

Table 8. SAM values between measured and modeled diffuse-only reflected radiance
data.
Panel
θtip=0°
M1
M2
M3
M4
M5
M6
M7
M8

Spectral Angle (°)

Panel
θtip=45°
M9
M10
M11
M12
M13
M14
M15
M16

2.60
0.88
1.27
3.38
4.52
1.44
0.87
3.96

Spectral Angle (°)
2.22
0.97
1.27
1.49
6.30
1.48
1.04
1.09

It is evident from Table 6 that most of the optimal panel temperatures were less
than approximately 3% different than the measured thermocouple temperatures for all
panels, except M5 and M13. This means that there is very adequate agreement between
what the diffuse-only model simulated, and what the thermocouples recorded, when
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comparing the panel temperatures. The corresponding RMS relative difference in
reflected radiance for each panel is less than approximately 7% for all panels, except,
again, M5 and M13. This means that the measured and modeled spectra for the panels
agree closely in magnitude. The last evidence to support the diffuse-only model is Table
5, showing that the spectral angle between the measured and modeled spectral reflected
radiance is also very low, less than approximately 4% for all panels except M5 and M13.
It is important to note that an angle of 0° would be an ideal match, while an angle of 90°
would be a complete mismatch. Panels M5 and M13 are both radiant barrier materials,
and have the highest reflectance and specularity of all panels, as shown in Table 2.
Looking at Figure 33 and 34, it is evident that the spectra still match fairly well. The
optimized temperature for M5 of -23°C and M13 of 107°C are extreme and certainly
incorrect. The reason they are so extreme is because the model represents the emissivity
of materials as 1 minus the HDR reflectance, and since the radiant barrier is so reflective,
its self-emission has a negligible contribution to the modeled reflected radiance, requiring
extreme changes in temperature in order to either raise or lower so that it matches the
measured reflected radiance. This further supports the idea that, though the error is
presented as an error in the temperatures, this is really a result of the difference between
the down-welling radiance from when the sky measurements were taken, and when the
panel’s reflected radiance was measured. The rest of the panels have optimized
temperatures that much more closely match the measured thermocouple mean
temperatures because the rest of the materials have fairly low reflectance, allowing the
self-emission to more easily account for differences between measured reflected
radiances, and modeled reflected radiances that were not yet optimized.
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Diffuse-Specular Radiative Transfer Model
All panels were also modeled through the diffuse-specular radiative transfer
model. The following figures show the measured and modeled reflected radiances.

Figure 41. The measured and modeled reflected radiances at M1 (flamesprayed aluminum) are shown for the diffuse-specular model.

Figure 42. The measured and modeled reflected radiances at M9 (flamesprayed aluminum) are shown for the diffuse-specular model.
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Figure 43. The measured and modeled reflected radiances at M2 (320-grit
sandpaper) are shown for the diffuse-specular model.

Figure 44. The measured and modeled reflected radiances at M10 (320grit sandpaper) are shown for the diffuse-specular model.
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Figure 45. The measured and modeled reflected radiances at M3 (high
emissivity, low reflectance material) are shown for the diffuse-specular
model.

Figure 46. The measured and modeled reflected radiances at M11 (high
emissivity, low reflectance material) are shown for the diffuse-specular
model.
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Figure 47. The measured and modeled reflected radiances at M4
(foamboard) are shown for the diffuse-specular model.

Figure 48. The measured and modeled reflected radiances at M12
(foamboard) are shown for the diffuse-specular model.
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Figure 49. The measured and modeled reflected radiances at M5 (radiant
barrier) are shown for the diffuse-specular model.

Figure 50. The measured and modeled reflected radiances at M13 (radiant
barrier) are shown for the diffuse-specular model.
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Figure 51. The measured and modeled reflected radiances at M6 (medium
emissivity material) are shown for the diffuse-specular model.

Figure 52. The measured and modeled reflected radiances at M14
(medium emissivity material) are shown for the diffuse-specular model.
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Figure 53. The measured and modeled reflected radiances at M7 (black
vehicle paint) are shown for the diffuse-specular model.

Figure 54. The measured and modeled reflected radiances at M15 (black
vehicle paint) are shown for the diffuse-specular model.
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Figure 55. The measured and modeled reflected radiances at M8
(laminated safety glass) are shown for the diffuse-specular model.

Figure 56. The measured and modeled reflected radiances at M16
(laminated safety glass) are shown for the diffuse-specular model.

82

The mean and standard deviation of the thermocouple temperatures are shown in
Table 9, along with the optimized temperatures using the diffuse-specular model, for each
panel. Table 10 shows the relative difference between the measured and optimized
temperatures that was subsequently acquired.
For a more complete picture, Table 11 shows the corresponding relative
differences between the measured and optimized, modeled spectra, and Table 12 shows
the respective spectral angles for each panel.
Table 9. Mean and standard deviation of thermocouple temperatures, and diffusespecular optimized panel temperatures.
Panel
M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12
M13
M14
M15
M16

Thermocouple
Mean Temp (°C)
56
54
53
39
29
67
48
35
60
66
57
43
35
73
52
39

Thermocouple Standard
Deviation (°C)
0.26
3.36
0.36
1.08
0.54
0.59
0.47
0.22
0.33
2.77
0.42
0.68
0.85
0.82
0.98
0.34
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Optimized Temp
(°C)
64
52
56
30
28
69
51
32
60
63
59
38
107
75
57
35

Table 10. Relative difference between measured and optimal panel temperatures using
the diffuse-specular model.
Panel
θtip=0°
M1
M2
M3
M4
M5
M6
M7
M8

Relative Difference
(%)
2.52
0.70
0.96
3.11
0.23
0.72
0.92
1.09

Panel
θtip=45°
M9
M10
M11
M12
M13
M14
M15
M16

Relative Difference
(%)
0.08
0.80
0.64
1.49
19.04
0.59
1.39
1.24

Table 11. RMS relative difference between measured and modeled diffuse-specular
reflected radiance data.
Panel
θtip=0°
M1
M2
M3
M4
M5
M6
M7
M8

Relative Difference
(%)
4.57
1.61
2.34
5.65
1.79
2.54
1.70
7.77

Panel
θtip=45°
M9
M10
M11
M12
M13
M14
M15
M16

Relative Difference
(%)
3.49
1.70
2.32
2.51
14.80
2.52
1.90
3.03

Table 12. SAM values between measured and modeled diffuse-specular reflected
radiance data.
Panel
θtip=0°
M1
M2
M3
M4
M5
M6
M7
M8

Spectral Angle (°)

Panel
θtip=45°
M9
M10
M11
M12
M13
M14
M15
M16

2.67
0.88
1.27
3.20
0.76
1.45
0.91
4.48
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Spectral Angle (°)
1.99
0.97
1.27
1.39
8.00
1.47
1.04
1.73

It is evident from Table 10 that most of the optimal panel temperatures were less
than approximately 3% different than the measured thermocouple temperatures for all
panels except M13. This means that there is very adequate agreement between what the
diffuse-specular model simulated, and what the thermocouples recorded, when
comparing the panel temperatures. The corresponding RMS relative difference in
reflected radiance for each panel is less than approximately 8% for all panels, except
most notably, again, M13. This means that the measured and modeled spectra for the
panels agree closely in magnitude. The spectral angle between the measured and
modeled spectral reflected radiance is also very low, less than approximately 4.5% for all
panels except M13.
It is rather interesting that, for the diffuse-only model, both M5 and M13 were the
worst-performing panels, while in the diffuse-specular model, M5 is actually modeled
quite well, with a relative difference in temperature of 0.23%, and a relative difference in
spectral radiance of 1.79%. It is likely that the reason for this is because the downwelling radiance did not vary significantly between the time when it was measured, and
when the reflected radiance of panel M5 was measured. Furthermore, the use of the
diffuse-specular model accounts for the radiance received in the specular direction of
observation, and likely assisted in bringing the modeled reflected radiance much closer to
the measured, than the diffuse-only model could. This, of course, is observed in the
sense that the optimized temperature is very near the thermocouple temperature, as the
panel’s self-emission was not required to make up the difference in the measured and
modeled reflected radiances.
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It is slightly disturbing, however, that the diffuse-only and diffuse-specular results
otherwise look fairly similar. Therefore, the next course of action is to look at the
differences between the diffuse-only and diffuse-specular models.
Comparison of Diffuse-Only and Diffuse-Specular Models
The differences between the diffuse-only and diffuse-specular models are shown
in Table 13 as a difference between the RMS relative differences given in Tables 7 and
11, respectively, and in Table 14 as the differences between spectral angles given in
Tables 8 and 12, respectively. A positive number indicates that the diffuse-only model
produced a lower metric, and therefore performed better. A negative number indicates
that the diffuse-specular model performed better.
Table 13. Difference in RMS relative difference between measured and modeled
reflected radiance between the diffuse-only and diffuse-specular models.
Panel
θtip=0°
M1
M2
M3
M4
M5
M6
M7
M8

RMS Relative
Difference
Difference (%)
0.12
0.00
0.00
-0.31
-11.27
0.02
0.06
0.94

Panel
θtip=45°
M9
M10
M11
M12
M13
M14
M15
M16

RMS Relative
Difference
Difference (%)
-0.38
0.00
0.00
-0.17
4.03
-0.01
-0.01
1.10

The data shown in Tables 13 and 14 does not conclude that the diffuse-specular
method is better than the diffuse-only method, or vice versa. Panels M1/M9 and
M5/M13 are inconclusive as the performance of the model depends on the tipping angle
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of the panel. The diffuse-only model is as good or better for panels M6, M7, M8, and
M16, as the values are negative.
Table 14. Difference in spectral angles between the diffuse-only and diffuse-specular
models.
Panel
θtip=0°
M1
M2
M3
M4
M5
M6
M7
M8

Spectral Angle (°)

Panel
θtip=45°
M9
M10
M11
M12
M13
M14
M15
M16

0.12
0.00
0.00
-0.31
-6.57
0.02
0.07
0.90

Spectral Angle (°)
-0.39
0.00
0.00
-0.18
2.96
-0.01
0.00
1.12

The diffuse-specular model, however, does not produce a large specular
contribution to radiance for panels with a very low SDR, and so should not produce
results that are much worse than those of the diffuse-only model. This is supported as all
differences shown in Table 13 are less than 1.2%, except for panels M5 and M13. Panels
M4/M12, on the other hand, are the only ones definitively better simulated using the
diffuse-specular model. This does not necessarily have a strong connection to their SDR
since it is also very low, as shown in Figure A4 in Appendix A. Lastly, these results are
eerily similar to the results of the spectral angle analysis.
The lack of clear-cut evidence that shows one model as superior to the other
suggests that the models were largely affected by variation in the data. This has so far
been supported by both the standard deviation of the down-welling measurements and the
large variations in relative difference in Infragold® modeled versus measured reflected
radiance. In other words, there is too much variation in the down-welling radiance,
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which is further exasperated by the fact that measurements were separated in time, where
the measured down-welling radiance for a particular panel may change by the time the
panel’s reflected radiance is actually measured.
PLEXUS as a Tool for Reverse Radiative Transfer Modeling
Figures 15-18 showed the comparison of the mean field-collected sky radiances
versus the PLEXUS-generated sky radiances. Additionally, in order to quantify the
difference between the two, the mean relative difference (as calculated using Equation
(51)) across all wavelengths of interest (7-14μm) is presented in Table 15.
Table 15. The mean relative difference between mean measured down-welling radiance
and PLEXUS-generated down-welling radiance is presented per zenith angle.
θsky
(Degrees
from zenith)
0
30
60
90

Relative
Difference (%)
34.07
20.18
30.08
13.76

The presented data suggests that it is not a trivial matter to generate realistic data
using PLEXUS. The mean relative differences range from 13.76% to 34.07%, which is
anecdotally too high of an error for this generated down-welling radiance to be used as a
replacement for measured down-welling radiance values. The most likely reason for the
differences is that cloud cover data was not rigorously utilized in estimating the proper
parameters within PLEXUS. There could be additional unaccounted radiance as the
horizon on-set was certainly not flat, and was likely higher than that modeled, and there
was certainly scattering due to up-welling radiance of nearby objects, which would
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produce yet more radiance that was neither measured, nor modeled.
Reverse Radiative Transfer Model
It is of great interest to be able to calculate a material’s spectral reflectance as
viewed from a remote location. This would allow an observer to determine what type of
material is being observed, and to detect materials of interest when provided with a crossreferencing database.
The diffuse-only reverse radiative transfer model was used as it has only one
unknown variable, the HDR. Using the diffuse-specular reverse radiative transfer model
would require a solution in two unknown variables, DDR and SDR, which would be
more difficult to do. Furthermore, given the results in Tables 13 and 14, it may even be
futile to attempt this, when there is no notable difference between the diffuse-only and
diffuse-specular models.
The relative differences between measured and modeled spectral reflected
radiances are presented in Table 16, while the spectral angles between them are presented
in Table 17. All applicable spectral reflectance plots may be found in Appendix C.
Table 16. Relative difference between SOC-100 reflectometer measured and reversemodeled reflectance data for panels across 7-14μm.
Panel
θtip=0°
M1
M2
M3
M4
M5
M6
M7
M8

Relative
Difference
4.79
55.13
56.72
186.28
3300.70
15.58
61.04
1032.80

Panel
θtip=45°
M9
M10
M11
M12
M13
M14
M15
M16
89

RMS Reflectance
(HDR)
5.88
51.41
55.03
52.53
3.44
15.34
63.56
227.50

Table 17. SAM values between SOC-100 reflectometer measured and reverse, diffuseonly modeled reflectance data for panels across 7-14μm.
Panel
θtip=0°
M1
M2
M3
M4
M5
M6
M7
M8

Spectral Angle (°)

Panel
θtip=45°
M9
M10
M11
M12
M13
M14
M15
M16

2.86387
19.9842
25.4623
59.0434
86.4766
8.20132
27.2356
54.0575

Spectral Angle (°)
3.3828
19.782
27.3651
18.6561
1.94943
8.04892
29.7188
13.5104

Some of the relative differences in Table 16 unfortunately are large, over 100%.
This is a result of the spectral reflectance being too close to zero, on average, driving the
relative differences to very high values. Nevertheless, it is still a fair indicator of how
well the spectral reflectance is modeled, when paired with the spectral angle values in
Table 17. It appears that the best-modeled materials are M1/M9 and M6/M14. The only
correlation, when observing their spectral reflectances as measured by the SOC-100 and
shown in Appendix A, is that they all have a low SDR. More interestingly, M1/M9 are
the panels with the highest mean DDR over the 7-14μm range. If anything, this exercise
suggests that the spectral reflectance of a material is most easily backed out for materials
that have high DDR. This is likely because materials with a high DDR (diffuse
directional reflectance) would be more correctly modeled using a diffuse-only reverse
model, whereas materials with appreciable SDR, and lower DDR, would be modeled less
accurately as their specular properties would not be taken into account in a diffuse-only
reverse model.
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Conversely to M1/M9, M5 is the worst-modeled material in both Tables 16 and
17. It has a high HDR, but is very specular with a relatively low DDR. The same
material, M13, however, is actually the best-modeled material in both Tables 16 and 17.
More importantly, the results in Table 16 are opposite of those in Table 11, altogether,
and also Table 7 except for panel M5. This seems to be due to the fact that the reversemodeled reflectances are derived from the diffuse-only model – the two are essentially
the same inequality applied in ways opposite of one another. Expectedly, if the selfemission of each panel is increased such that the modeled reflected radiance matches the
measured reflected radiance, this would have the effect of drifting the reverse-modeled
reflectance away from its previous value. Since a decrease in relative differences for the
forward models results to an increase in relative differences for the reverse model, this
suggests that, since both are coupled and dependent on the measured HDR, measured
reflected radiance, and measured down-welling radiance, then the relationship between
the two will be fixed. This relationship appears to be inverse in nature as an increase in
one relative difference, appears to result in a decrease in the other’s relative difference.
Summary
In this chapter, the important practices used in the models, spline interpolation to
resample data and integration of hemispherical radiance, were shown to produce very
accurate results. Furthermore, the solar contribution to the models was shown to be
rather insignificant when compared to the present down-welling irradiances, since none
of the data was collected with the Sun at the specular angle with respect to the observer.
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The overall performance of the diffuse-only and diffuse-specular radiative
transfer models was presented. The specular-diffuse model was not shown to be more
accurate than the diffuse-only radiative transfer model, likely due to the time-based
variation in down-welling radiance data.
Lastly, a diffuse-only reverse radiative transfer model was shown to produce
satisfactory results in calculating the HDR of a few materials only. The performance of
this method was also dependent on the tip angle of the panels.
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VI. Conclusions and Recommendations
Chapter Overview
In this chapter, appropriate conclusions are drawn from the given results by
answering the previously-posed investigative questions. Then, the significance of the
research is re-affirmed, and recommendations are given for future research in this area.
Investigative Questions Answered
I have found that both diffuse-only and diffuse-specular radiative transfer models
produce reflected radiance values within a relative difference of 8% from the measured
reflected radiances for all tested panels except the radiant barrier. Thus, the diffuse-only
method is much more accurate for materials that have very low specular reflectances,
unlike the worst-performing panels M5 and M13 in that case. However, the diffusespecular model was able model panel M5 very accurately, though it was unable to match
that for the tipped radiant barrier panel, M13, suggesting that it is a good step towards
modeling highly specular materials, though the experimental conditions must be much
more controlled in order to eliminate external sources of error. Since there was no
significant evidence that either model performs better than the other, aside in the case of
panel M5, it appears most likely that variation in time in the down-welling radiance
produces errors that overshadow the difference in the diffuse-only and diffuse-specular
models. Additionally, the radiances may be affected differently at different panels due to
variation in adjacency effects from surrounding objects, such as other tipped panels!
The current version of PLEXUS was found insufficient in generating accurate sky
down-welling radiance for modeling the reflected radiance of the panels. The likely
93

cause of this is a combination of that it uses an outdated version of MODTRAN, and that
cloud profiles were not rigorously taken into account when generating the down-welling
radiance. Additionally, the down-welling radiances were shown to have quite a bit of
variation, further adding to the difficulty in using PLEXUS to model these variations.
The diffuse-only reverse radiative transfer model was shown to have some
accuracy when modeling the HDR of a material, but, on average, did not have reliable
results as evidenced by the spectral angles produced from most panels.
Conclusions of Research
This paper investigated the use of diffuse-only and diffuse-specular radiative
transfer models as a replacement for the more-accurate (but much more computationally
intensive) spectral BRDF-based radiative transfer models. The use of diffuse-only and
diffuse-specular radiative transfer models showed that both may accurately represent a
variety of materials. The diffuse-only radiative transfer model, as may be expected, loses
accuracy when it is used to model materials that have a high specular reflectance. This
suggests that, if simplicity is of particular importance, a diffuse-only model may
sufficiently represent the reflected radiance of a material, depending on the accuracy
required, as long as that material is not highly reflective and specular.
The specular properties of materials become even more important to take into
account in remote sensing applications. As was shown, the diffuse-only reverse radiative
transfer model was able to reproduce the spectral HDR of the diffuse panels better than
the specular panels.
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Lastly, the variation in down-welling radiance unfortunately were larger than the
variation in radiance produced by either model, thereby overshadowing any difference
between the diffuse-only and the diffuse-specular model. This made it impossible to see
the smaller differences between the two models, and suggests that taking the next step –
BRDF-based modeling – may be a futile endeavor, as the radiance differences produced
with this model may also be overshadowed by the inherent variation in the down-welling
radiance data.
Lastly, only measured sky down-welling radiance was utilized in the reverse
radiative transfer model. This was done because I was not able to reproduce realistic sky
down-welling radiance using PLEXUS (which uses MODTRAN 4).
Significance of Research
This research has shown that the specular properties of materials must be taken
into account when they are used in radiative transfer models, though they may be ignored
if the modeled materials will not be highly reflective or highly specular. This is of
interest to both remote sensing and the computer-generated graphics industry. The
criticality of this becomes even more apparent when using reverse radiative transfer
models, which is of interest in remote sensing for backing out the spectral reflectance of a
material. As shown in this research, reverse models are a lot more sensitive to errors in
measurements.
Additionally, this research shows that the variation and uncertainty in downwelling measurements is of great interest when attempting to gauge the accuracy of
different radiative transfer models, as no such comparison may be made if the difference
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is minimal compared to the variation in measured data. This suggests that the field
conditions must be more ideal in order to perform an experiment to compare the accuracy
of radiative transfer models.
Recommendations for Future Research
Future research should focus on further improving the accuracy of the radiative
transfer models. This includes finding better ways of accounting for the observation
angles during collection of data, such that all sources of error are satisfactorily
minimized. This is, of course, a requirement, as the large number of variables make it
increasingly difficult to narrow down sources of error within the radiative transfer
models.
Furthermore, a more highly controlled experiment should be made, where the
field-collected data is taken in a much shorter time-span, or during very atmosphericallyuneventful days (no winds or clouds).
A natural extension to this research is to use modeled sky down-welling radiance
as opposed to the measured sky down-welling radiance. This is needed so that the
reverse radiative transfer model may truly be stand-alone, such that it can be used in a
remote sensing scenario. Two modeling utilities that come to mind are MODTRAN 5
and AFIT’s own Laser Environmental Effects Definition and Reference (LEEDR). It
will likely be imperative, however, that the modeling include as many relevant
meteorological parameters that match the conditions during collection as possible.
Lastly, the research needs to be expanded to include the BRDF-based modeling of
the reflected radiance of the materials used. This expansion requires that BRDF data be
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collected over a number of wavelengths for each panel of interest. The number of
wavelengths would have to be large enough such that there will exist sufficient
information to show whether, and in what specific cases, BRDFs have a large impact on
the radiance reflected and emitted from the panels.
Backing out the spectral reflectance of a panel was simple enough in a diffuseonly case (HDR). Future work may include developing a method to back out the spectral
DDR and SDR of a material, though the problem is inherently more complicated as the
solution is in two variables. Since the correct DDR and SDR are determined from a
spectral reflected radiance equation, similar to but more complicated than, that shown in
equation (31), they may vary in different ways but still combine to a single spectral HDR.
This means that the correct DDR and SDR may have to be determined using additional
limiting criteria.
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Appendix A
HDR, DDR, and SDR Data Figures
The following plots show the HDR, SDR, and DDR of each panel when measured
at an angle of incidence of 30°.

Figure A1. The HDR, SDR, and DDR for panels M1 and M9 (flamesprayed aluminum) are shown at an angle of incidence of 30°.

Figure A2. The HDR, SDR, and DDR for panels M2 and M10 (320-grit
sandpaper) are shown at an angle of incidence of 30°.
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Figure A3. The HDR, SDR, and DDR for panels M3 and M11 (high
emissivity, low reflectance material) are shown at an angle of incidence of
30°.

Figure A4. The HDR, SDR, and DDR for panels M4 and M12
(foamboard) are shown at an angle of incidence of 30°.
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Figure A5. The HDR, SDR, and DDR for panels M5 and M13 (radiant
barrier) are shown at an angle of incidence of 30°.

Figure A6. The HDR, SDR, and DDR for panels M6 and M14 (medium
emissivity material) are shown at an angle of incidence of 30°.
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Figure A7. The HDR, SDR, and DDR for panels M7 and M15 (black
vehicle paint) are shown at an angle of incidence of 30°.

Figure A8. The HDR, SDR, and DDR for panels M8 and M16 (laminated
safety glass) are shown at an angle of incidence of 30°.
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Appendix B
Angular HDR, DDR, and SDR Reflectance of Materials
The following figures show the interpolated HDR, DDR, and SDR of materials as
measured by the SOC-100, and extrapolated for incident angles below 20° and over 70°.

Figure B1. The HDR, SDR, and DDR for panels M1 and M9 (flamesprayed aluminum) are shown at 10μm as a function of angle of incidence.

Figure B2. The HDR, SDR, and DDR for panels M2 and M10 (320-grit
sandpaper) are shown at 10μm as a function of angle of incidence.
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Figure B3. The HDR, SDR, and DDR for panels M3 and M11 (high
emissivity, low reflectance material) are shown at 10μm as a function of
angle of incidence.

Figure B4. The HDR, SDR, and DDR for panels M4 and M12
(foamboard) are shown at 10μm as a function of angle of incidence.
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Figure B5. The HDR, SDR, and DDR for panels M5 and M13 (radiant
barrier) are shown at 10μm as a function of angle of incidence.

Figure B6. The HDR, SDR, and DDR for panels M6 and M14 (medium
emissivity material) are shown at 10μm as a function of angle of
incidence.
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Figure B7. The HDR, SDR, and DDR for panels M7 and M15 (black
vehicle paint) are shown at 10μm as a function of angle of incidence.

Figure B8. The HDR, SDR, and DDR for panels M8 and M15 (laminated
safety glass) are shown at 10μm as a function of angle of incidence.
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Appendix C
Measured and Reverse-Modeled HDR
The following figures show the measured and reverse modeled HDR at each panel
for the diffuse-only model, where the collected HDR data was interpolated to match the
appropriate viewing orientation.

Figure C1. The measured and reverse modeled HDR at M1 (flamesprayed aluminum) are shown for the diffuse-only reverse model. The
measured HDR shown is interpolated to match the observation angle
which was used for the model.

Figure C2. The measured and reverse modeled HDR at M9 (flamesprayed aluminum) are shown for the diffuse-only reverse model. The
measured HDR shown is interpolated to match the observation angle
which was used for the model.
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Figure C3. The measured and reverse modeled HDR at M2 (320-grit
sandpaper) are shown for the diffuse-only reverse model. The measured
HDR shown is interpolated to match the observation angle which was
used for the model.

Figure C4. The measured and reverse modeled HDR at M10 (320-grit
sandpaper) are shown for the diffuse-only reverse model. The measured
HDR shown is interpolated to match the observation angle which was
used for the model.
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Figure C5. The measured and reverse modeled HDR at M3 (high
emissivity, low reflectance material) are shown for the diffuse-only
reverse model. The measured HDR shown is interpolated to match the
observation angle which was used for the model.

Figure C6. The measured and reverse modeled HDR at M11 (high
emissivity, low reflectance material) are shown for the diffuse-only
reverse model. The measured HDR shown is interpolated to match the
observation angle which was used for the model.
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Figure C7. The measured and reverse modeled HDR at M4 (foamboard)
are shown for the diffuse-only reverse model. The measured HDR shown
is interpolated to match the observation angle which was used for the
model.

Figure C8. The measured and reverse modeled HDR at M12 (foamboard)
are shown for the diffuse-only reverse model. The measured HDR shown
is interpolated to match the observation angle which was used for the
model.
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Figure C9. The measured and reverse modeled HDR at M5 (radiant
barrier) are shown for the diffuse-only reverse model. The measured HDR
shown is interpolated to match the observation angle which was used for
the model.

Figure C10. The measured and reverse modeled HDR at M13 (radiant
barrier) are shown for the diffuse-only reverse model. The measured HDR
shown is interpolated to match the observation angle which was used for
the model.
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Figure C11. The measured and reverse modeled HDR at M6 (medium
emissivity material) are shown for the diffuse-only reverse model. The
measured HDR shown is interpolated to match the observation angle
which was used for the model.

Figure C12. The measured and reverse modeled HDR at M14 (medium
emissivity material) are shown for the diffuse-only reverse model. The
measured HDR shown is interpolated to match the observation angle
which was used for the model.
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Figure C13. The measured and reverse modeled HDR at M7 (black
vehicle paint) are shown for the diffuse-only reverse model. The
measured HDR shown is interpolated to match the observation angle
which was used for the model.

Figure C14. The measured and reverse modeled HDR at M15 (black
vehicle paint) are shown for the diffuse-only reverse model. The
measured HDR shown is interpolated to match the observation angle
which was used for the model.
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Figure C15. The measured and reverse modeled HDR at M8 (laminated
safety glass) are shown for the diffuse-only reverse model. The measured
HDR shown is interpolated to match the observation angle which was
used for the model.

Figure C16. The measured and reverse modeled HDR at M16 (laminated
safety glass) are shown for the diffuse-only reverse model. The measured
HDR shown is interpolated to match the observation angle which was
used for the model.
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